Plasmonic structures are commonly used to both confine and enhance surface electromagnetic fields. In the past ten years, their peculiar optical properties have given rise to many promising applications ranging from high density data storage to surface optical trapping. In this context, we investigated both far-field and near-field optical response of a collection of densely packed silver nanocolumns embedded in amorphous aluminum oxide using the discrete dipole approximation. In the far field, a good fit of the calculated to the experimental absorption spectra can only be achieved when in addition to interaction between neighboring nanocolumns, a nanorod shape with periodic shrinks mimicking the experimental morphology of the nanocolumns is used. In the near field, modulated field intensities following the nanocolumns distribution and tunable with the incident wavelength are predicted outside the region occupied by the nanocolumns. This plasmonic image transfer has a resolution of approximately 1.8D where D is the diameter of the nanocolumns that in our case is 2.4 nm.
I. INTRODUCTION
The optical response of small metallic aggregates has extensively been investigated theoretically during the last 50 years. In the case of noble metal colloidal particles or lithographically designed structures, characterized by a permittivity ⑀ m ͑͒, embedded in transparent materials of dielectric constant ⑀ env , the interface between the two media introduces surface plasmon resonances ͑SPRs͒.
1 In this context, a large amount of both theoretical and experimental investigations addressing either the linear or nonlinear optical properties has been performed on systems of increasing complexity.
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These studies evidenced the influence of size, shape, and environment on the properties of isolated nanoparticles. The potential applications of these metallic systems extend from colloidal markers, nanobiosensors, light emission enhancement devices, plasmonic circuitry, 9 ,10 plasmonic tweezers, 11 to stimulated emission control. 12 Among all these objects, elongated particles ͑prolate spheroids, nanorods, nanowires, or nanoantennas͒ have been investigated in order to obtain new plasmonic functionalities. [13] [14] [15] Generally, these objects exhibit two main optical resonances. 16 The first one is related to the isotropic SPR band occurring in spherical particles that survives as a transverse SPR ͑TSPR͒. The second is associated with conduction electron oscillations along the major axis of the particle, the so-called longitudinal SPR ͑LSPR͒. As expected, the spectral position of the LSPR dramatically depends on the particle aspect ratio. [17] [18] [19] With the improvement of current fabrication techniques, nanostructures involving a large number of entities such as self-assembled plasmonic nanostructures based on colloidal metal nanoparticles or arrays of metal nanoparticles have been fabricated. Besides the physical properties inherited from their individual building blocks, these new structures show original optical or acoustic properties due to interparticle coupling. [20] [21] [22] For instance, interparticle electromagnetic coupling between metallic nanoparticles of a chain opens up the possibility of guiding light at the nanoscale. 23 In this case, such collective effects are applied to develop new functionalities. They provide additional degrees of freedom to tailor the optical response of a complex nanostructure. 24, 25 Another example is the calculation of the near-field modulation produced by an array of 20 nm diameter oriented silver nanorods that has been proposed for subwavelength optical imaging with a resolution of 40 nm given by the rod size and spacing. 26 Recently, self-assembled silver nanocolumns ͑NCls͒ have been fabricated using pulsed laser deposition. 27 These nanostructures are composed of small silver NCls ͑diameter 2 Ͻ D Ͻ 3 nm and height 6 Ͻ H Ͻ 15 nm͒ aligned perpendicularly to the substrate with an interparticle spacing comparable to the diameter of the NCls, thus having much smaller features than the ones used for earlier calculations. 26 The absorption cross section of these structures exhibits two bands with a smaller spectral splitting than expected in isolated silver NCls due to interparticle electromagnetic coupling. 28 In addition, in the particular case of metallic nanoparticles with sizes in the sub-10-nm range, confinement effects will lead to a significant modification of the dielectric constant of the metal with respect to its bulk value and should be taken into account. [29] [30] [31] The aim of this paper is to calculate the far-field and near-field effects produced by the densely packed array of silver NCls whose production and structural properties were reported elsewhere. 27 The model, based on the discrete dia͒ Electronic mail: girard@cemes.fr. b͒ pole approximation ͑DDA͒, [32] [33] [34] is first used to fit the experimentally measured far-field response. The role of the dimension of the array and the detailed shape of the NCls ͑perfect or shrinked rods, with or without dispersion͒ is first studied separately. Appropriate selection of these parameters together with a fine adjustment of NCls separation lead finally to a very good fit of the experimental data. The near-field patterns at different distances of the array are finally calculated for different wavelengths and polarizations. The results show the possibility of sculpting nanometer-sized light landscape with silver NCls with sub-10-nm resolution. Although the direct observation of such extremely confined optical fields is difficult to achieve with standard scanning near-field optical microscopes ͑SNOMs͒, they could be imaged by applying new methods inherited from electron energy loss spectroscopy ͑EELS͒. 8, 35 Indeed, SNOM imaging of optical near fields around nanometer sized metallic particles with sufficient lateral resolution needs nanometric optical probes that are not yet available.
II. SELF-ASSEMBLED SILVER NANOCOLUMNS
Self-assembled silver NCls embedded in an amorphous a-Al 2 O 3 matrix have been produced by alternate pulsed laser deposition in vacuum ͑10 −6 mbar͒ using an ArF excimer laser ͑pulse duration of 20 ns full width half maximum, energy density of 1.9 J cm −2 ͒. The beam was sequentially focused on the surface of high-purity Al 2 O 3 and Ag rotating targets. First, a layer of a-Al 2 O 3 was deposited to act as substrate where a layer of Ag nanoparticles is formed following the Vollmer-Weber growth mode of metal on an oxide surface. Then the space among the Ag nanoparticles was filled almost completely with Al 2 O 3 , the uncovered part of the metal nanoparticles acting as a template during next deposition of Ag. The samples consisted in several cycles of ablation metal matrix, thus leading to a single layer of self-aligned NCls. Further details of the synthesis procedure as well as the morphological study of the samples using high resolution transmission electron microscopy ͑HRTEM͒ have been presented elsewhere. 36 The sample selected for the present study contains NCls with a diameter of 2.4 nm and a height of 8.6 nm as it can be seen in the plan-and cross-section views included in Fig. 1 taken from Ref. 36 . Unless otherwise stated, all calculations reported in this work are performed using this diameter and height. Figure 1 also shows the extinction spectra obtained at an angle of incidence of 75°using either s-or p-polarized incident light. Taking into account the refractive index of the matrix, the propagation direction inside the material with respect to the axis of the NCls is 35°. In the case of s-polarized light a single band around 390 nm is observed which corresponds to the TSPR. In the case of p-polarized light two distinct resonances can instead be observed at 390 and 540 nm, which correspond, respectively, to transverse and longitudinal SPRs as expected for elongated objects. However, the experimental spectral splitting between these resonances is clearly smaller than the one predicted by the Gans theory for isolated spheroidal particles of comparable aspect ratio or by numerical calculations of the optical properties of a single nanorod. 37, 38 This discrepancy suggests that electromagnetic coupling between the individual nanoobjects is playing a role. Indeed, Zong et al. 39 investigated arrays of silver nanowires with much higher aspect ratio than our investigated sample but a comparable volume fraction of metal. They pointed out that interparticle electromagnetic interaction cannot be neglected in these systems. Jain and El-Sayed et al. 40 demonstrated that the proximity between two adjacent nanorods leads to a modification of the absorption of the ensemble that strongly depends on the number of interacting nanoobjects and on their arrangement, but the dimensions and separation of the nanoobjects were close to one order of magnitude higher than in our case. In our system, the shorter interparticle separation and their larger number density can be responsible for even stronger modifications of the optical response with respect to isolated NCls. To address this point, we performed in the next section numerical calculations of the far-field optical response of dense arrays of self-assembled silver NCls.
III. FAR-FIELD OPTICAL RESPONSE OF DENSE ARRAYS OF METALLIC NANOPARTICLES
In a first step, to gain insight into the optical properties of these systems, we focused on the far-field optical properties of ideal arrays of silver NCls and computed their extinction, scattering, and absorption cross sections. In the following, we will only discuss the extinction spectra as absorption and scattering spectra will obviously display the same trend. The influence of the number of interacting nanorods, their shape, and dispersion have selectively been addressed.
A. Volume discretization and cell polarizability
We used the DDA which has now become a routine method to compute extinction, scattering, and absorption of light by nanostructures with arbitrary shapes for which no analytical solution of Maxwell's equation can be found. The DDA was developed by Purcell and Pennypacker 41 and has been refined by different groups, in particular by Draine and co-workers. 32, [42] [43] [44] [45] Unless otherwise stated, the following calculations have been done with the publicly available code DDSCAT 6.1. 46 In the framework of the DDA, the target is approximated by a finite array of polarizable points placed in a cubic lattice with a spacing very small compared to the effective wavelength in the material. Every point is given an effective polarizability ␣ i ͑͒ deduced from the incident wave vector k, the permittivity of the surrounding medium ͑a-Al 2 O 3 ͒ ⑀ env , and the permittivity of silver at the frequency of the incident light ⑀ m ͑͒ following the lattice dispersion relation prescription. 47 All our calculations have been done assuming that the dielectric constant of the environment of the metallic nanoparticles is ⑀ env = 2.79. Due to the very small size of the investigated metallic NCls, the modification of the dielectric constant of the metal due to the confinement has to be taken into account.
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B. Confinement and related dissipation effects
In bulk noble metals, the conduction band electrons have a quasi-free-electron behavior characterized by the following Drude-like contribution:
where P is the plasma frequency, and ␥ o ͑͒ is the electronic relaxation rate. The contribution of the other electrons to the dielectric constant leads to an additional contribution ␦⑀ ͑b͒ ͑͒. 49 It is generally accepted that the dielectric constant in small metallic nanoparticles can be obtained from the bulk optical constants through the following modification of the relaxation rate of the Drude-like contribution:
The first term ␥ o Ј͑͒ is similar to the intrinsic relaxation rate of the bulk whereas the second is a consequence of the confinement of the electronic motion. Classically, this term can be understood as a limitation of the mean free path of the electrons due to scattering on the surface of the nanoparticle. A rigorous calculation of the transitions between the confined electronic eigenstates of a nanosphere yields a similar expression with a value of g s ͑͒ very close to 1. [29] [30] [31] Due to the very small size of the investigated nanoparticles, the additional term will be very important. Indeed, for R = 3 nm, បv F / R Ϸ 300 meV, whereas in bulk silver, the intrinsic relaxation rate is 15 times smaller ͑ប␥ o Ϸ 20 meV͒. 48 In the following calculations, we used the data from Palik 50 modified as explained above with g s =1.
C. Self-consistency
Following external optical excitation, every point of the lattice acquires a fluctuating dipole moment proportional to the local electric field. Both incident field and fields produced by the other dipoles will contribute to the local electric field. These mutual interactions can be expressed by the following self-consistent equation:
where T͑R ij , ͒ is the field susceptibility in the surrounding medium that can be analytically written as
where I is the identity dyadic tensor, R ij = r i − r j , and k
The different dipoles will interact with the other dipoles via their electric fields. The N equations above can be written as a matrix equation,
The self-consistent solution of this equation provides the dipole moments at every location of the lattice. From these dipole moments, absorption and scattering cross sections can be computed.
D. Extinction cross section of a two-dimensional array of perfect silver nanorods
In this subsection, we investigate the influence of the number of interacting silver nanorods of diameter D on the far-field optical response of an ideal array. The nanorods are arranged side by side with their long axes perpendicular to the plane of the array. We investigate the cases of an incident plane wave polarized perpendicularly or parallel to the plane of the sample. The nanoparticles were organized on a square lattice with a regular spacing d =2D. Figure 2 shows the extinction cross section for an incident electric field respectively parallel ͑a͒ or perpendicular to the long axis of the nanorods ͑b͒. The resonance apparent in Fig. 2͑a͒ is due to the LSPR of the nanorods whereas the one evidenced in Fig.  2͑b͒ originates from the TSPR. As shown in Fig. 1 , in s-polarization only the TSPR is detected whereas both resonances are excited in p-polarization. As expected transverse and longitudinal modes show completely different behaviors as seen in Fig. 2 . While the spectra of Fig. 2͑a͒ reveal a significant blueshift of the LSPR as the number of nanorods increases, spectra in Fig. 2͑b͒ indicate that the net shift of the TSPR is rather weak. 51 The blueshift in Fig. 2͑a͒ is a pure near-field effect since the near-field generated by a nanorod along the long axis of its neighbor nanorods has opposite direction than the incident field and thus will add constructively to its depolarization field. As a consequence, the restoring force acting on the electronic motion will increase and the LSPR will be shifted toward shorter wavelength. As can be seen in Fig. 2͑c͒ , the longitudinal mode unambiguously shifts from 906 nm in the case of a single nanorod to 596 nm for an infinite array.
However, at this point, the agreement between our calculations and the experimental results is not completely satisfactory and additional effects such as shape effects must be considered to explain the observed data.
E. Shape column effect
The experimentally produced metallic NCls have a shape that departs from the ideal rod shape used in the calculations and have in addition important shape dispersions as seen in Fig. 1͑a͒ . To evaluate the influence of both shape and shape dispersion we fixed the number of interacting nanorods to nine and compared results produced by the three different shapes schematically shown on top of Fig. 3 : ͑i͒ identical nanorods, ͑ii͒ identical nanorods with periodic shrinks mimicking the real morphology, and ͑iii͒ "realistic" nanorods having shapes similar to case ͑ii͒ but with some shape dispersions. The aspect ratio, volume, and environment are the same in all three cases. As expected, Fig. 3 shows that shape has a dramatic impact on the optical response of the nanorods; perfect nanorods ͑i͒ have a slightly redshifted transverse plasmon resonance and their longitudinal plasmon resonance is more than three times more intense than for realistic nanorods ͑iii͒. Moreover, a shoulder clearly appears around 500 nm in case ͑i͒, while it is almost negligible in cases ͑ii͒ and ͑iii͒. It is also clear that cases ͑ii͒ and ͑iii͒ give very similar results; small shape fluctuations among the shrinked nanorods have no major effect on the optical response of the ensemble. Comparison of Fig. 3͑c͒ with Fig.  1͑b͒ unambiguously shows that the perfect rod shape cannot account for the lower experimental extinction cross section at the LSPR.
In view of these results, we extended our calculations to a square array of 21 silver shrinked nanorods, adjusted the lattice spacing to 1.8D to fit the average interparticle separation of the real NCls and used p-polarized electric field and 35°incident angle as in Fig. 1͑b͒ . After normalization at the TSPR, both experimental and calculated spectra are shown in Fig. 4 where it is seen that the agreement is excellent. It can thus be concluded that the correct value of the spectral split- ting between transverse and LSPRs in real NCls embedded in Al 2 O 3 host can satisfactorily be reproduced by taking into account dissipation confinement correction, shape effects, and a large enough number of nanorods into the simulations.
Additional effects such as the nonlocality of the electronic response are expected to play a role in sub-10-nm noble metal nanoparticles. The impact of the spatial dispersion of the dielectric constant has been theoretically investigated in the case of spherical nanoparticles, 55 nanowires, 56 dimers, 57 or two-dimensional arrays of metallic nanoparticles 58 and it has been shown that nonlocal effects can induce spectral shifts of the SPRs as well as a modification of their intensity. In fact, the issue of taking into account nonlocal effects in our calculations still remains both a theoretical and numerical challenge. For example, although a recent work by McMahon et al. 54 reports significant advances to include these corrections, the numerical applications are still restricted to single two-dimensional plasmonics systems ͑infinite metallic nanowires of circular and triangular sections͒. This work indicates that nonlocal effects may be important in structures displaying apex features. In other cases, including rounded surface particles, these effects give rise to corrections to the local model. In our case, where the sample is composed of a distribution of rounded NCls, this correction has been neglected. In the future, we intend to include these phenomena by generalizing our fieldsusceptibility formalism. Finally, neglecting nonlocal effect does not modify the near field behaviors predicted in the next section ͑Sec. IV͒ ͑dark and bright contrasts͒ because the reduction in the coupling, appearing due to nonlocal effects in metal, does not affect the contrast mechanism that is mainly produced by the individual nanorods.
This first series of far-field simulations enabled us to validate a set of reliable dielectric data to describe the optical response of nanometric silver aggregates. Consequently, it can be used to predict near-field topography and intensity near these systems.
IV. NEAR-FIELD OPTICAL RESPONSE
Within the framework of the volume description used in this paper, the electric field outside the objects, at the location R, is merely deduced from the self-consistent polarization P͑r , ͒ inside the metallic particles, provided that we know the field propagator T͑r , rЈ , ͒ of the bare sample ͓see Eq. ͑4͔͒. One can write
where the integral runs over the volume occupied by the nanorods. This solution can be used to compute the normalized optical near-field intensity in the vicinity of the illuminated sample versus the position R:
As in the previous sections, the investigated metallic nanostructures are discretized in lattices of a total of N points located at positions r i . The self-consistent Eq. ͑3͒ yields a linear system of 3N equations. By its numerical inversion, the electric field is self-consistently calculated at every position r i inside the nanostructure. In a second step, the electric field at any location R is calculated by applying the propagation Eq. ͑7͒. Due to the very high dielectric constant of silver, these calculations required a fine discretization of the nanostructure. The distance between adjacent points must be fixed at about 0.3 nm. In order to get more insight on the impact of the interparticle coupling, we calculated using this formalism, the near-field intensity distribution of the electric field intensity produced by different arrays of silver nanorods. The numerical results are presented in Figs. 5-7 where Z is the distance between the top end of the nanorods and the observation plane as indicated in Fig. 5͑a͒ . As expected intuitively, the excitation wavelength is still an important parameter in the very near field. Generally, the excitation of surface plasmons causes a characteristic field enhancement compared to the incident electromagnetic wave. Two different sets of data can be used to characterize the spectroscopic properties in the very near field:
͑i͒ The near-field optical spectrum I͑R = R 0 , ͒ that will give the variation of the normalized near-field optical intensity recorded at a given location R 0 above the sample versus the incident wavelength . ͑ii͒ Two-dimensional near-field optical intensity maps I͑X , Y , Z = Z 0 , = cst͒ that provide an image of the optical near field for a selected wavelength.
To illustrate the original near-field optical properties that can be expected around silver nanorods, we present in Fig. 5 five typical spectra computed at two different locations labeled ͑1͒ ͑blue cross͒ and ͑2͒ ͑red cross͒ on the side view. The more striking feature is the presence around the wavelength c = 500 nm of a crossing point ͓see the magenta circle in Fig. 5͑b͒ , where the different spectral lines cross͒. This wavelength c splits the optical range into two domains in which more or less bright or dark contrast can be expected. These spectra show that it is possible to produce either highly localized light depressions or enhancements near silver NCls by controlling the excitation of the localized plasmons. In addition, mutual interactions between these metallic nanorods tend to reinforce the amplitude between dark and bright contrasts ͓see dashed curves in Fig. 5͑b͔͒ . This is first confirmed on near-field optical intensity maps presented in Fig. 6 where two heights Z and two incident wavelengths have been considered for the case of two silver nanorods. Figure 7 illustrates this on larger near-field maps performed above a seven silver nanorod array. The analysis of these results raises the following comments.
͑i͒
Although the system is illuminated in the s-polarized mode, each silver NCl can display a positive contrast in the electric near-field intensity maps, in particular when Ͻ c , and give rise to large field gradients in the proximity of the top end of the NCl. Within this frequency range ͑Ͻ c ͒ unlike what happens with dielectric nanodots or NCls for which a dark contrast is expected and was measured, 59 ,60 the occurrence of bright contrasts with s-polarized light is directly related to the singularity of the real part of the polarizability appearing when tuning the incident wavelength near a plasmon resonance. The physics of this peculiar optical phenomenon can be expressed by a simple analytical relation that defines the contrast above a single NCl of global polarizability A͑͒:
This coefficient is negative ͑resp. positive͒ for a dark ͑resp. bright͒ contrast. When the observation point R is located just on the top of the particle, i.e., when R = ͑0,0,R͒, the sign and the magnitude of this coefficient provide direct information on the light confinement phenomenon. In the case of metallic materials, s can be merely obtained from a previous result ͓cf.
Eq. ͑20͒ of Ref. 60͔,
where A Ќ ͑͒ represents the transverse polarizability component of the NCl. When scanning the incident wavelength from blue to red colors, the real part of A Ќ ͑͒ exhibits two negative and positive ranges of values and vanishes for = c . That explains the exis- tence of the crossing point in the near-field zone as well as the division of the optical spectrum into zones with dark and bright contrasts. Recently, a similar behavior has been predicted by Ono et al. 26 in which it is shown from finite difference time domain simulations that silver nanorod arrays are equivalent to subwavelength optical imaging systems. ͑ii͒ According to Eq. ͑10͒, the dielectric behavior observed in Ref. 59 is recovered when Ͼ c . This result is consistent with an off-resonant regime for which we have a large detuning between incident wavelength and transverse plasmon resonance wavelength. ͑iii͒ The near-field optical confinement region is highly sensitive to the Z distance ͑cf. Figs. 6 and 7͒. Indeed, in contrast with the case of larger microfabricated metallic structures, 10,61-63 beyond a distance range Z Ͼ 4 nm, the optical near field spreads out over several nanorod sites without significant spatial modulation. We also checked that, beyond about 7 nm, all subwavelength-sized features completely vanish and are progressively reduced to a single light spot.
The original near-field optical effects investigated in Figs. 5-7 are summarized in Fig. 8 , where the near-field intensity above an array of 17 vertical silver NCls arranged to form the pattern N F is shown. As illustrated in Fig. 8͑a͒ , the scanned area is centered around this pattern and the system is illuminated in normal incidence. In addition to a contrast reversal phenomenon, similar to that described in Fig. 5 , and which occurs when passing from = 400 nm ͑TSPR͒ to = 600 nm, the two images reproduce the N F pattern with both excellent contrast and lateral resolution. This field expulsion outside the region occupied by the NCls can be remotely controlled by wavelength but also by tuning the incident polarization, so that possible applications in the local trapping of cold atoms as well as in the subwavelength optical image control might be realized with this kind of plasmonic systems. Because of the usual finite tip-size effects, direct imaging of such extremely confined optical fields will remain challenging in the future with standard SNOM instrumentation. However, other nanotechnology investigation methods could be applied. Recently, Colliex and co-workers 8 demonstrated impressive plasmon mappings over single metallic nanocrystals by scanning a monochromatic focused electron beam. This well-established method, based on the EELS signal detection, allows subnanometric resolutions to be reached and could be the adequate experimental instrument to measure the near-field optical distribution and associated wavelength dependent behaviors predicted in this section.
V. CONCLUSION
The results of calculations based on volume discretized method ͑DDA and Green dyadic method͒ demonstrated the importance of near-field electromagnetic interparticle coupling in the optical response of a collection of self-assembled silver nanorods or NCls. In particular, for interparticle distances comparable to the nanorods/NCls diameter, the farfield extinction spectra are dramatically modified by the near-field optical interaction between the nanoobjects.
The near-field map simulations clearly demonstrate that samples containing oriented elongated nano-objects provide a unique means for nanometer-sized patterning of initially flat optical near fields. The optical patterning is optimized when working at incident wavelengths close to collective plasmon modes of the array.
Finally, the results presented in this paper not only illustrate the complex properties of electromagnetic near fields in the vicinity of self-assembled NCl arrays but also help to identify new efficient subwavelength properties by analyzing their near-field optical images versus the distance between arrays and observation areas.
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